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We study the process of electron-positron annihilation into back-to-back jets, where in each jet a 
pair of hadrons is detected. The orientation of these two pairs with respect to each other can be 
used to extract the interference fragmentation functions in a clean way, for instance from BELLE or 
BABAR experiment data. This is of relevance for studies of the transversity distribution function. 

In particular, we focus on two azimuthal asymmetries. The first one has already been studied 
by Artru and Collins, but is now expressed in terms of interference fragmentation functions. The 
second asymmetry is new and involves a function that is related to longitudinal jet handedness. 
This asymmetry offers a different way of studying handedness correlations. 
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I. INTRODUCTION 

Interference fragmentation functions (IFFs) have been suggested as a means to access transversity pj via single 
spin asymmetries in ep^ and pp^ processes, in which the proton is transversely polarized. Transversity is a measure 
of how much of the transverse polarization of a proton is transferred to its quarks. It is a helicity-flip (or chiral-odd) 
distribution function that is very hard to measure and thus far no extraction from data is available. To become 
sensitive to the transverse spin of quarks inside a transversely polarized proton one can follow two main routes. 
, The first one is to use another transversely polarized hadron (in initial or final state), like in the Drell-Yan process 
pi pi — > H X or in polarized A hyperon production. The second route is to exploit the possibility that the direction 
of the transverse polarization of a fragmenting quark may somehow be encoded in the distribution of hadrons inside 
the resulting jet. For instance, the Collins effect describes the case where the distribution of a hadron inside the jet 
follows a k,T x St behaviour, where fc-r is the transverse momentum of the quark compared to the hadron and St is the 
Oh, transverse polarization of the fragmenting quark. Here, transverse means orthogonal to the quark (or, equivalently, 
jet) direction. Due to the transverse momentum dependence, the Collins effect is a very challenging observable both 
theoretically and experimentally, and an alternative is formed by the IFFs which describe the distribution of two 
hadrons inside the jet. The idea is that the orientation of two hadrons with respect to each other and to the jet 
direction, is an indicator for the transverse spin direction of the quark. Such a correlation is expected to occur due to 
the strong final state interactions between the two hadrons: different partial waves can interfere and this is expected 
to give rise to nonvanishing, nontrivial fragmentation functions, the two-hadron IFFs. 

As with all proposals to measure transversity, a second unknown quantity is introduced, which needs to be measured 
separately. For the nontrivial fragmentation functions, such as the Collins function and the two-hadron IFFs, the 
cleanest extraction is from two-jet events in the electron-positron annihilation process. Here, we will present the 
leading twist, fully differential cross section for the process e + e _ — > {hxh2){h\h2)X in terms of products of two- 
hadron fragmentation functions. 

In Ref. |3|, the leading twist, transverse momentum dependent two-hadron IFFs have been listed. There are two 
chiral-odd and one chiral-even IFF, but upon integration over the quark transverse momentum dependence only one 
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chiral-odd IFF survives (called H^), discussed at several places in the literature 0,1a, LJ-Q- The relation among the 
various approaches and to the p fragmentation functions (for the two hadrons being two pions) is extensively discussed 
in Ref. [2( , where the two-hadron final system is expanded in relative partial waves and a new contribution involving 
the transversity at leading twist is identified. 

Here, we will discuss the consequences of all three leading twist IFFs occurring in the process e + e~ — > 
(hih 2 )(hih 2 )X; we find that upon integrating the differential cross section over the observed transverse momen- 
tum one is actually not only left with the transverse momentum integrated chiral-odd IFF H^, but there is also an 
asymmetry that is governed by the chiral-even IFF, integrated, but weighted, over the transverse momentum: 

G±(z,M%) = J J d(j} R J dk T k T R T Gi(z,^k 2 T ,R 2 T ,k T ■ R T ), (1) 

where R T is the transverse part of the relative momentum between the two hadrons and k T is the quark transverse 
momentum (see Sec.[H]for the explicit definitions of the above quantities). This function is related (but not identical) 
to longitudinal jet handedness and its resulting asymmetry will be discussed in detail below (see Sec. Ivj) . 

The asymmetry involving the transverse momentum integrated chiral-odd IFF has already been studied in a 
different (less common) notation in a paper by Artru and Collins |]. It is the asymmetry of p_re_sent-day experimental 
interest regarding transversity. The extraction of from the process e + e~ — * [h\h2){h\h2)X is the goal of a 
group 01 that will analyze the off-resonance data from the BELLE experiment at KEK. In the present article, we 
provide for the procedure of integrating and properly weighting the fully differential cross section to single out the 
relevant asymmetry. The extracted IFF will be of use to several ongoing or starting experiments aiming to measure 
transversity in the processes ep T -> (hih 2 )X (HERMES, COMPASS) and pp ] -> (hih 2 )X (RHIC [hJ). 

However, the asymmetry involving G^ also seems of experimental interest. It can be viewed as the chiral-even 
counterpart of the Artru-Collins asymmetry. An analogous asymmetry involving chiral-even fragmentation functions 
does not emerge when only one hadron is detected in each jet; this asymmetry is thus particular to the multi-hadron 
fragmentation case. But it can also be viewed as an asymmetry arising from a correlation between longitudinal 
jet handedness functions. As such it is relevant for single spin asymmetries with longitudinally polarized protons, 
ep — ► {h\h2)X and pp — > (hih 2 )X, which are proportional to the well-known quark helicity distribution function g\ 
(cf., e.g., Eq. (31) of Ref. 0]). Since <?i is known to considerable accuracy, one can extract G± from ep — > (hih^)X 
and actually predict our longitudinal jet handedness correlation in e + e~ — > (hih2)(hih,2)X , i.e. the expression given 
below in Eq. (38}. Any experimental deviation may be related to a CP-violating effect of the QCD vacuum 

The function G± is also relevant for the studies of IFFs in the processes ep 1 ' — > {h\h2)X and pp' — > (hili2)X. There, 
next to the asymmetry proportional to the transversity function, another G^ dependent asymmetry Q occurs, which 
is proportional to the transverse momentum dependent distribution function gyr ll2j ■ This function (extrapolated to 
x = 0) gives information on violations of the Burkhardt-Cottingham sum rule. Apart from the intrinsic interest in 
such an asymmetry, it also shows the need for appropriate weight functions to separate the asymmetry proportional 
to giTGj- from the asymmetries proportional to h\H^ and hiH^ (where h\ denotes the transversity function). 

The other results presented below, i.e. the other terms arising in the fully differential e + e~ cross section, may also 
be of interest in the future and the notation used here hopefully will facilitate the communication between different 
experimental groups planning or performing two-hadron IFF-related studies for different processes. 

The paper is organized as follows. In Sec.[H]we first discuss the kinematics of the process e + e~ — > (hih2)(Jiih 2 )X . 
In Sec. lIIII we present the cross section in terms of the interference fragmentation functions. Next, we investigate exten- 
sively the Artru-Collins azimuthal asymmetry (Sec. IIV(I and the newly-found longitudinal jet handedness asymmetry 
(SecEJ. During the discussion of these two asymmetries in e + e~ — > (hih 2 )(hih2)X we also remark on corresponding 
asymmetries in two-hadron inclusive DIS involving the same IFFs to facilitate comparison. We end with conclusions 
(Sec. ED. 



II. KINEMATICS 



We will consider the process e + e~ — > (hih2)(hih,2)X , schematically depicted in Fig. QJ An electron and a positron 
with momenta I and I', respectively, annihilate into a photon with timelike momentum q = I + I' and q 2 — Q 2 . A 
quark and an antiquark are then emitted and fragment each one into a residual jet and a pair of leading unpolarized 
hadrons (/i.1,/12) with momenta Pi,P 2 , and masses Mi,M 2 (for the antiquark we have the corresponding notation 
(hi, h 2 ) with momenta Pi, P2 and masses Mi, M2). We introduce the vectors P/, = P\ + P2, R = (Pi — Pz)/2, and 
Ph = P\+ P 2 , R = (Pi — The two jets are emitted in opposite directions, therefore Ph • Ph ~ Q 2 ■ Neglecting 

1/Q mass-term corrections [l3j , we can parametrize the momenta as 

h ~ V2 




where — 55, = Q 2 ^ <C Q 2 , and n + ,n_, are light-like vectors satisfying n+ = n 2 _ — and n + • rt_ = 1. We use the 
following notation, a 1 * 1 = a • fi T , for a generic 4- vector a with light-cone components a = [a - , a + , or]. We define also 

z = P^ /q~~ ~ 2P/j • g/Q 2 = Zfe, z = Ph/l + ~ 2Pft • g/Q 2 = representing the light-cone momentum fractions of 
the fragmenting (anti-)quark carried by each hadron system. Analogously, we define the following fractions 



2 Ph Pi + P2 

5 = 5 + = = =?=. (3) 

2 ^ Pi + P 2 

that describe how the momentum of the (anti-)quark is split into each component of the hadron pair. The z axis is 
defined using Ph; in particular, from Fig.^it is Ph \\ z. It is useful to define the so-called _L plane Q perpendicular 
to z, where Ph± = Q± = 0. Up to corrections in Q\IQ 2 <C 1, we have P h j_ = — zql^ and, consequently, Phi. = ~zq T . 
The _L plane is spanned by the two unit vectors 

h = -= — - = - , 1 = (cos0i , sin 0i ) 

\Ph±\ \Qt\ 

g l = e%h? = e- +ij h j = e 0ij3 h j = (sin0i , -cos0i) , (4) 

with </>i defined in Fig.^ Therefore, we have g ■ a = (ax h) z for a generic 3- vector a. As in Deep Inelastic Scattering 
(DIS), the _L and transverse (T) components of a 4- vector can be obtained by the following tensors 

ill/ 111/ a 1/ 11 v 

9t —9 n[Ln_ — n_n + 

9± — 9t q ■ l a J 

In the following, we will consistently neglect the 0(1/ Q) difference, thus not distinguishing between _L and T compo- 
nents of 4-vectors. From previous definitions we have also 

2 
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\Rt\ z = £(1 - QM h - (1 - 0M 1 - £M 2 , (6) 



where Pi = Ml and P h = M h are the invariant masses of the two final hadronic systems. The azimuthal angles 
</>-R) 4>~r: parametrizing the transverse components of R, R, are depicted in Fig.^ There, a further azimuthal angle <fr 
should be considered which identifies the position of the lepton frame with respect to the laboratory frame. In Fig. ^ 
it is taken <fr = for convenience, but in the following (see Sees. IIVI and we will have to retain its dependence 
explicitly such that the position of the hadron pairs with respect to the lepton frame is 4>R — (f) 1 and (p^—cf), respectively. 
The cross section for the 4-unpolarized-particle inclusive e + e~ annihilation is 



where 



2P? 2P 2 ° 2P° 2~f 2 da a 2 



dP 1 dP 2 dP 1 dP 2 



IT = Q 2 -2A(y)g^ +4B(y)z»z» -AB(y)(l^ ± + - 



cm (l + COS 2 9 2 ) 



B{y) = y(l-y) 



sin 2 09 



(7) 



(8) 



C(y) 



1 — 2y — — cos ( 



(9) 



is the lepton tensor. In fact, only the part contributes at leading twist. The invariant y = Ph ■ 1/ Ph ■ <Z ~ l~ /q~ 
becomes, in the lepton center-of-mass (cm) frame, y = (1 + cos6* 2 )/2, where 9 2 is defined in Fig.Q] The unit vectors 
are defined as 



'x 



ll/\l±\ 

-Ph- q - 

zQ h Q 



(10) 



The hadronic tensor is 



W^ h) (q;P 1 ,P 2 ,P 1 ,P 2 ) = 



(27T) 



(27r) 4 5(g - P x - Pi - Pi - Pi - P 2 ) 



i (2^2P« 

x (0|J^(0)|Px;Pi,P2,Pi,P2)<Px;Pi,P2,Pi,P 2 |J ,y (0)|0) . (11) 



Such definition allows for recovering the corresponding formulae in the case of 2-particle, 1-particle and totally inclusive 
e + e~ annihilation. For example, after integrating over one of the two hadrons in each pair, 

dP 2 2P? 2P 2 ° 2P° 2~P\do opOop ^ n 2 



a dP 2 g dP 2 2P['2 
% 2 2P 2 ° % 2 p0 d P 1 



dP 2 dP x dP 2 
2 1 



a 



2P 1 u 2P 1 dcr _ a 
~d~P 

dPx 



1 dP 1 Q* Wv f h2 2P| f ll2 2 p0 W Wl 



(2tt)4 % (27T)32P X 



(2^f5{q -P x -P 1 -P 2 -P l - P 2 ) 



dP 2 



dPo — — — — 

^..l 2 - z ^(0\J»\X,P 1 ,P 2 ,P u P 2 )(X,P 1 ,P 2 ,P u P 2 \J"\0) 



i 2 (2^2P° % 2 {2jr)32 p 



a 

s 



L " Wf t iw. <2 * )< * - Px ' - Pl - Pl) t w 

dP 2 



_ ¥ (Q\J»\X' -P 2 - P 2 , Pi, P 2 , Pi,P 2 )(X' - P 2 - P 2 , P 1; P 2 , P 1} P 2 | J"|0) 
l 2 (2tt) 3 2P 2 

! 1 dPx- ,_ ,4, 



— Z 

Q 6 MI/ (2tt) 4 j^, (2tt) 3 2P°, 



(27r) 4 «5(g - P x , - Pi - Pi) 



x 



(OlJ^lX^Px^O^Pi.PilJ^O) 



(2ft) 



(12) 



we recover the cross section for the 2-particle inclusive e + e _ annihilation [T^j after the replacement Pi <-> P 2 . Further 
integrations over the detected hadrons lead to the 1-particle inclusive and totally inclusive cross sections (cf. [b^V 
Consistently with Eq. (J2J), we have 
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(13) 



The elementary phase space can then be transformed as follows: 



dP 1 dP 2 dP 1 dP 2 _ dP h dRdP h dR 

2Pf2P°2P°2P^ " (El-AEl)(E 2 h -4E 2 R ) 



zQ 2 



16^(1-0 



\P h \ 2 d\P h \dQ h dR T dR- dPhj_dPhdRrdR_ 

8V2(p,-) 2 e(i-e)(^) 2 ?(i-o 

1 _ 

dPh± dz dRr d£ , 



4^(1 - 



(14) 



where dtth — 2dyd(f) 1 , since Ph± = and its azimuthal angle actually defines the position of the lepton plane with 
respect to the laboratory frame. Using Eq. 10 and 



dR T = J 1 



b R dMl with J 



dR 



Tx 



dMl 



£(1 - , dR Tx 

■COSpR -TT, 



2\Ri 



sin 0r 



dRxy 



dMl 



21-Rt 



90 



-|J?t| sin0 fl 
= |_R T | cos^ij 



R 



dfi T = ^-^-d^dMl, 
the cross section can be rewritten as 



da 



dq T dz d£ d(j) R dM 2 dz d£ d<j>^ dM h dy dip 1 128 Q' 



ZzL ^ W (4h) 



(15) 



(16) 



III. CROSS SECTION 
A. The hadronic tensor 



dk + A l 7" 

k~= P -/z 



To leading order the expression for the hadron tensor is 

~3(32) 2 zz]T e 2 J ' dKd k T 5 2 (k T + k T -q T )Tr (-L J dk'A } _ _ _ ^ 

a, "a L 

The (partly integrated) correlation function A is parametrized in terms of fragmentation functions as 
^- J dk+A(k;P h ,R) 



(17) 



2 2 I 2 2 tpvpo 7 M n ~ &t R% 

- — < Di (z, £, fc r , R T , k T ■ R T ) if,— Gi (z, fc T , -R T , k T ■ Rr) — 



1 1 

47T 4 



+ H, {z,^k T1 H T1 k T H T ) Mi + M2 



Hj- a (z,Z,k 2 T ,R 2 T ,k T - R T ) 



M 1 M 2 
Mi + M 2 



75 



(18) 



We parametrize the antiquark correlation function A in the same way by employing overlined quantities, but in this 
case the suppressed k ~ component is integrated over. 

At leading twist, we have the usual nice probabilistic interpretation of the fragmentation functions in Eq. IjlSjl : Df 
is the probability for an unpolarizcd quark with flavor a to fragment into the unpolarized hadron pair [hi, h 2 ), G\ a 
is the probability difference for a longitudinally polarized quark with flavor a and opposite chiralities to fragment into 
(hi,h 2 ), both H^ a , H^- a , give the same probability difference but for a transversely polarized fragmenting quark. 



n \ > 



Ht a , 



are all naive T-odd and Hf a , H^~ a are furthermore chiral odd. The function H^ a represents a 



generalization of the Collins effect, namely for two hadrons instead of one. However, H^ a originates from a genuinely 
new effect, because it relates the transverse polarization of the fragmenting quark to the angular distribution of the 
hadron pair in the _L plane (defined in Sec. HIlQ) . 




FIG. 2: Leading-twist contribution to 4p-inclusive e + e annihilation. 



B. The fully differential cross section 



For the case of the e + e~ annihilation into four unpolarized (or spinless) hadrons with two leading hadrons in each 
current jet (see Fig. for a diagrammatic representation at leading order), the differential cross section at leading 
order in l/Q and a s is (including now summation over flavor indices with quark charges e a in units of e) 

dv{e + er^{ hl h 2 ){hih 2 )X) = „ ^ 6^ L ^ 

dq T dzd^dMld(j) R dzd£ i dM h d(j)-dyd(t) 1 ~^ Q { 



cos(20!) B(y) T 
sin(20!) B{y) T 



(2h-k T hk 
(^h-k T gk T + h k T gk 



Ht a Ht a 



(M 1 +M 2 ){M 1 + M 2 ) 

Hj- a H± a 
(Mi + M 2 )(M 1 + M 2 ) 



- COs((f) R + (j>g 
■ C0S((/>1 + (j)R - 



B{y) \R T \T 



-sm{(j> x +<l> R -^)B{y) \R T \T 
■i + cj^-^Biy) \R T \T 



hk,. 



)k„ 



■ cos( 



— sin 



qk n 



h^hT 


_(Mi 


+ M 2 )(Mi +M 2 ) 
H? a Hf a 


(Mi- 


\-M 2 )(Mi + M 2 ) 


(Mi 4 


-M 2 )(Mi +M 2 ) 


(Mi - 


hM 2 )(Mi + M 2 ) 


(Afi-f 


-M 2 )(Mi +M 2 ) 



- sin((Ai — 



sin(0i - fl + <f> 1 ) sin(0i - ^ + <f> 1 ) T 
>i-<t>n + 4> 1 ) cos(0i - + 0') 



h/ ' k rr- h ' krj^ ^ ^ 

M 1 M 2 M 1 M 2 



— G^ a G 

/ / ' Pi' (J ' /i' 

M 1 M 2 M 1 M 2 



+ COS(01 - (fo 

+ cos(0i - ^ + 4> l ) cos(0i - <^ + <f> 1 ) T 



— G J - a G ±a 
M X M 2 M X M 2 

q k^q k„ 1 — - 1 — - 

M 1 M 2 M 1 M 2 



(19) 



T 



where the convolution T is defined as 

'(Ay^, krp^j D D ^ cikrp elk S (krp ~\~ kj, (k rp j k^j D (^7 krp ■ Rp , /c^ ' R"j* ) 

D a (z,l,k 2 T ,R 2 T ,k T -R T ) . (20) 

by the fact that any information about the azimuthal asymmetry of the 
encoded by the relative position of Rt and Rt with respect to the lepton 
gles, respectively, and by the azimuthal position of the lepton frame itself. 



The azimuthal dependence is dictated by the fact that any informat 
distribution of the four hadrons must be encoded by the relative positio: 
frame, i.e. by the 4>r — <fi l and ip-^ — 4> l """^ roc^t^mi,, +v, or 



IV. 



THE ARTRU-COLLINS AZIMUTHAL ASYMMETRY 



In this Section, we will obtain an azimuthal asymmetry in the distribution of the four hadrons that arises only 
due to the transverse relative momenta of each pair, i.e. only due to the relative position of each pair plane with 
respect to the lepton plane (see Fig. For this purpose, the cross section of Eq. (fTTTf) must be properly weighted 
and its dependence on the intrinsic transverse momenta of the quarks integrated out. We present the procedure in 
considerable detail, since this will form a crucial aspect of a practical analysis of experimental data. We will show that 
only survives the integration, which is the same fragmentation function appearing in the single-spin asymmetry 
that can be built at leading twist in the case of two-hadron inclusive DIS 0,E113]- Therefore, under the hypothesis of 
factorization (collinear factorization in this particular case), the combined analysis of the two semi-inclusive processes 
allows in principle to deduce the fragmentation function from e + e~ and then disentangle the transversity distribution 
in the corresponding DIS cross section at leading twist. 

We define the asymmetry 



A(y,z,z,MlM h ) 



2tT ill f2TT 



da ^1 ^ 



271 



008(^ + ^-20') 



x / dq 7 



da(e + e~ -> (hih 2 )(hxh 2 )X) 
dy d(f) 1 dz d~z d£ d£ dq T dM% d(/) R dM h defy— 



dt, / d^ 



2tt 



x / dq 2 



da(e+e- -► (hh 2 )(hih 2 )X) 

— 2 

dy d(j) 1 dz dz d£ df; dq T dM^ d<j> R dM h d<p— 



(21) 



Let us consider first the term in the numerator, involving the trigonometric weight. If we insert the cross section 
of Eq. l|19|l into it and consider just the average over the azimuthal positions (jr of the lepton plane, we can see that 
the first three terms give a vanishing contribution because they involve the integral 



J ^ cos(^ + ^-2^)=0. 



(22) 



The fourth term gives 



2^ JAl 



r: I ^ \Rt\\Rt\ COS 2 (^ + ^-2^) / dq T 



X T 



(M 1 +M 2 ){M 1 +M 2 ) 



^ z 2 z 2 B(y) I ,/i / ,11 



\R T \\R T \ 



o YR 2(M 1 +M 2 )(M 1 + M 2 ) 



dq 7 



x / dfc T dk T 5 2 {k T + k T - q T ) H^ a (z,^k 2 T , R 2 T ,k T ■ R T ) '(z,£,k" T , R" T ,k T ■ R T ) 



-TT<a._ -z -=-2 -=2 y- — 



E 2 3a 2 2-2 
_ a Q 2 Z Z (Mi + M 2 )(Mi +M 2 )" 1( - R) 



(23) 



where 



/P'2tt p 
d^\R T \ J d(f> R J dk T H? a (z,£,k 2 T ,R 2 T ,k T - R T ) 



Hn R )(z,M h ) = I d4\R T \ I d<p-^jdk T H 1 (z,£,k T ,R T ,k T ■ R T ) 



— — <Ja,_ - y-2 -=j2 — 



(24) 



are the same moments of fragmentation functions that appear in the following leading twist single-spin asymmetry 
arising in two-hadron semi-inclusive DIS off a transversely polarized target (see Eq. (17) of Ref. 0): 



(sin(^ - 20')) ex B(y) ^ e 2 x *»?(*) H?"(z,M%) 



(25) 



where S_l is the transverse polarization of the target and x is the light-cone momentum fraction of the quark. 
The fifth through eighth terms give again a vanishing contribution, because they involve integrals of the kind 



27r df_ f cos 2^ 
2tt { sin 20' 



= 0. 



(26) 



Finally, it is instructive to check that the last four terms in Eq. (|19fl vanish only after the combined effect of the 
average over d<j) 1 and the integral upon dq T . In fact, 



x I sin (0i - (j)R, + 4> l ) sin(0i - 0^ + Z ) T 

sin(0i - (j) R + 0') cos(0i - (j>^ +4> 1 ) T 
cos(0i - 0fl + 0') sin(0i - (f)-g + 4> l ) T 

■l-<t> R + 4> l ) cos(0i - 0^ + <p l ) T 



cos 



h , k T h , k T G^ G^ 

h'k T g'k T G^ (?i 
g'k T h'k T G^ G^ 

gk T gk T G^ a G 1 



6 Q? 2 /* /* /*27T /"27T IJ^ I Ijj I 

H e ' -qt z ^ 2 J d ^j J Q d(t> R J d( h. mmWW I dqT I dkr d * T s 2{ - K k ' r Ul ' 



x ^ ^(cos 2 4>\ — sin 2 0i) (gk T gk T — hk T hk T ) + 



— sin 0i cos 0i (hk T gk T + gk T hk T ) f G 1 a G 1 



| | | | 



M2-M1M2 



(k T + A; T )y (A; T + fe T )^ 
I fc-p — {~ fc^-, I ^ 



I krj, ~\~ kj. I ^ 



(fc T + fc T ) x (k T -\~ k T ) y _ __ 2 

-r v-2 ^=2 — 



X 

because the last two integrands are odd under the transformations 



Hence, we have 



Ty . 



2,/ )} = / ,/£ / dfjf fr/ '!'■!< j </"77 <•<•-:••/,■ • "77 -' /: 



X / d<?T 



3a 2 



da(e+e- -> (h 1 h 2 )(h 1 h2)X) 

— 2 

c?y d<p l dz dz d£ d£ dq T dMj^ d<p R dM h d<p— 
z 2 z 2 B[y) 



(M 1 +M 2 ){M 1 + M 2 ) 



(27) 



(28) 



H<« R) {z,Ml)H^ R) {z,Mt). (29) 



In a similar way, it is straightforward to prove that the unweighted cross section receives a contribution only from 
the first term of Eq. ((T^|) . i.e. 
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where 



Dl(z,Ml) = JdiJ^ d<f> R Jdk T D<t(z,Z,k 2 T ,Rl,k T -R T ) 



D 1 (z,M h ) — d^ d<j>— / dk T D 1 (z,t; 1 k T ,R T ,k T ■ R T ) 



(31) 



are the same fragmentation functions as arising in the unweighted cross section at leading twist for the two-hadron 
semi-inclusive DIS process (see Eq. (18) of Ref. 0). 

The final expression for the azimuthal asymmetry is, from Eq. H21J1 . 
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This azimuthal asymmetry is our version of the Artru-Collins asymmetry 



(32) 



V. THE LONGITUDINAL JET HANDEDNESS AZIMUTHAL ASYMMETRY 



The other azimuthal asymmetry we will explicitly derive is defined as 
A(y,z,z,MlM h ) = — 5— 
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(33) 



Note that this asymmetry is independent of the orientation of the lepton scattering plane, contrary to the asymmetry 
of the previous Section. 

By performing the integrations in the same order as in Eqs. (|22I27|I . the surviving terms are 
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(34) 



where 



Gi a (z,Ml) 



J d^ j d(f) R J dk T k T • Rj T G x (z, /c T , .R T , /c T • R^ T ) 
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G^z, M^) = / d£ / d</>— / dk T k T -R T Gf a (z 7 ^,k 2 T ,R 2 T ,k T ■ R T ) 



(35) 



are weighted moments of the same IFF that appears in the cross section at leading twist for two-hadron semi-inclusive 
DIS off a transversely polarized target (see Eq. (10) of Ref. [7(). For simplicity of notation, these moments carry no 
further subscripts, as opposed to Eq. pijl. 

In Eq. I)34|l . the first step follows from first integrating over e20', which implies the disappearance of the explicit </>i 
dependence, and by performing the dq T integration using identities like 
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(36) 



The latter integrations can only result in a function of (z,"z, £, £, i? 2 , multiplying the products R T R T and R T xR T 
of unit vectors, respectively, since there are no other available vectors. 

From Eq. I|34[l it is also easy to check that Gy does not enter in the integrated, unweighted, cross section. The 
resulting expression for the numerator in Eq. (|33|l becomes 
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The final expression for Eq. 1|33[1 is 
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(38) 



It is possible to consider the q\ weighting and get k T moments, but we will not do so here. Rather, it is important 
to remark that the weighting factor k T ■ R T in Eq. (|35|l is crucial, since the function 



2tv 



(39) 



does not occur due to parity invariance 0,0, El- Nevertheless, the chiral-even IFF G x can provide a probe of g\ 
as it emerges from the expression of the cross section at leading twist for the two-hadron semi-inclusive DIS off a 
longitudinally polarized target (see Eq. (31) of Ref. Q): 
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(40) 



where 4> h is the azimuthal angle of Ph±_ (analogously to <fii in Fig. [Q, and A is the target helicity. 

This is a g ood point to make the connection to handedness studies. Handedness has been studied for quite some 
time [HI ll 7t fl8| as a means to probe the helicity of fragmenting quarks. Clearly, G x is a similar analyzer of this 
helicity due to a (k T x R T ) correlation present in the fragmentation process and a direct link with the co ncep t of 
longitudinal jet handedness can be made. One can show that the functions appearing in Eq. (11) of Ref. [13 arc 
related to the IFFs dicussed here. For instance, the longitudinal jet handedness is a linear combination of functions 
called Di and D 2 and is directly proportional to (k T x R T ) G^(z, £, fe T , R^,, k T ■ R T ). Similarly, the transversal jet 
handedness (given by a function called Df) is proportional to (fe T x R T ) H^(z,£,k T ,R%,,k T ■ R T ). Although the 
unintegrated functions Gf and are directly related to the jet handedness functions of Ref. |l7|. the asymmetries 
we have presented here are not easily translated to the handedness correlation observables discussed in Ref. ^l| 
(different methods of weighting are employed). Nevertheless, they should encode similar information and as such our 
asymmetry of Eq. 1|38[) could perhaps also serve as a measure of a CP-violating effect of the QCD vacuum discussed 
in Ref. [ll| . This interesting topic deserves further study. 

The function Gf(z,M^) of Eq. (|3~5j) also provides a probe of the transverse momentum dependent distribution 
function gyr through asymmetries in the processes ep^ —> (hih 2 )X or pp^ — > (hih 2 )X . However, these are precisely 
the processes where also the transversity asymmetries (proportional to and H^) occur. In fact, the cross section 
at leading twist for the two-hadron semi-inclusive DIS on a transversely polarized target contains the following terms 
(see Eq. (10) of Ref . Q): 
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where M is the target mass with momentum P + = xp + . Hence, one should carefully project out the azimuthal 
asymmetry of interest in order to avoid contributions from different mechanisms. 



VI. CONCLUSIONS 



We have studied azimuthal asymmetries in the process e + e~ — > (hih.2){hih2)X , which function as probes for 
interference fragmentation functions (IFFs). The asymmetries arise in the orientation of the two hadron pairs with 
respect to each other. We have presented two asymmetries that are of present-day experimental relevance. Although 
the asymmetries probe the correlation of longitudinal and transverse quark and antiquark spin, respectively, they are 
to be extracted from the same experimental data by applying different weights in the form of trigonometric functions 
of azimuthal angles. The first asymmetry has already been studied by Artru and Collins, but had not yet been 
expressed in terms of the IFF language of Refs. We have also indicated a relation between the function H^, 

that occurs in this asymmetry, and transversal jet handedness. 

The second azimuthal asymmetry that we focussed on specifically, has not been pointed out before and involves 
the longitudinally polarized quark IFF Gi, which is related to longitudinal jet handedness. The asymmetry offers 
a different way of studying handedness correlations and, as such, can perhaps be used as a measure of a specific 
CP-violating effect of the QCD vacuum. We pointed out that the knowledge of the helicity distribution function gi 
is of help in this respect. 

Extracting IFFs from e + e~ annihilation will provide for the as yet unknown information needed to disentangle 
the tranversity distribution from processes like ep^ — ► {hxh-zjX or pp^ — > {h\hz)X. However, we stress that az- 
imuthal asymmetries in these processes with transversely polarized targets involve combinations like gixGi, h\H^ 
and /ii-fffS hence, a careful separation of each contribution requires weighting of the cross section with the appropriate 
trigonometric functions. 
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